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Abstract 
 
In 1999 a 39 Kg stony meteorite was found near Colgate, North Dakota, during the construction 
of a new house. The surface of the meteorite contains many shallow regmaglypts and a 
weathered crust with a reddish orange color to dark brown-red, and the interior reveals a high 
abundance of metallic flecks. The SiO2/MgO ratio is 1.5, FeO/SiO2 ratio is 0.71, the Femetallic/FeO 
ratio is 0.72, the total metallic Fe is 19.8%,the average chondrule diameter is 0.3 mm, and the 
Fa composition is 20.27 mol%. The meteorite also has a crystalline matrix, with mostly well 
segregated chondrules, little igneous glass, and olivine grain homogeneity with less than 5% 
average deviation. With these measurements, the meteorite was determined to be an H4 
ordinary chondrite and is the largest meteorite yet found in North Dakota. 
 
 
Background 
 
The meteorite is a 39 kg (86 lb.) stone found near Colgate, North Dakota in 1999 by Tod 
Erickson. While Tod was constructing a new house, rocks were gathered from the local area 
and placed in the excavated basement. The meteorite was discovered while removing the rocks 
at a later date. Mr. Erickson noted unusual color and weathered surface, so he brought it to the 
University of North Dakota where Dr. Nels Forsman concluded that it is a stony chondritic 
meteorite. It is also the largest meteorite yet found in North Dakota. 
 
The meteorite is slightly larger in diameter than a basketball and has a semi-spherical shape 
with a weathered crust, the color of which ranges from reddish orange, to a dark red-brown. 
Small fractures are evident on the surface, as are well-defined regmaglypts (dimples) ranging 
from 2.5 – 6 cm in diameter (Figure 1). A 14.5 cm long, 8.5 cm wide and 3.5 cm thick slab was 
cut from the meteorite in February 2017 to be kept at The University of North Dakota for 
curation and future research. The interior of the meteorite has a dark bluish grey to blueish 
black color with flecks of metallic material ranging up to 1 mm. A curved 6 cm long fracture is 
also present on the cut slab (Figure 2). Three petrological thin sections were produced from the 
meteorite which are labeled and referred to as, Colgate 1 (C1), Colgate 2 (C2), and Colgate 3 
(C3) in this study. 
 
The meteorite is a chondritic stone, which is the most common type of meteorite making up 
roughly 86% of all falls, (McSween, 2000, p. 7). This study investigates the specific class, clan, 
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and group (figure 3) of the meteorite, and the petrological type which depends on the amount of 
metamorphism and hydrous alteration the meteorite has undergone. 
 
 
Methods 
 
A Nikon Petrographic Polarizing Microscope was used to determine mineralogical components 
and the petrological structure of the meteorite. Point counts were conducted on 604 grains to 
determine a percentage of mineral components within the meteorite. The size of 50 chondrules 
was also determined by taking petrological micrographs with a Canon Rebel T3 DSLR attached 
to the polarizing microscope and using a stage micrometer to measure the diameters of the 
chondrules within the thin section.  
 
X-ray diffraction (XRD) was conducted using a Rigaku Smartlab X-ray Diffractometer. 
Approximately 5 grams of the meteorite was powdered with a mortar and pestle and mixed with 
water to form a slurry and dried on a microscope slide. A 30-minute scan was conducted on the 
slide from 0-60 degrees to determine the major mineralogical composition of the meteorite.  
 
A scanning electron microscope (SEM) examination and an energy dispersive x-ray 
spectroscopy (EDS) analysis was conducted on thin sections C1, and C2 (C3 was produced 
with a plastic cover slip rendering it unable to be analyzed). An FEI Quanta 650 Scanning 
Electron Microscope set at a 20 second scan was used to determine the chemical composition 
of olivine grains (124 points scanned), pyroxene grains (38 points scanned), and metallic Ni-Fe 
grains (35 points scanned). Olivine collected from South Point Hawaii with composition reported 
as 89 mol% Fo, (Cloutis, Gaffey, 1986) (Rousch, Singer, 1985), was used as a standard after 
being mounted in epoxy, polished to 15 microns, and carbon coated on a Cressington Carbon 
Coater 108 1A.  
 
ImageJ was used to determine the total percent of Fe metallic material within the meteorite. Fe 
metallic material was mapped in 36 electron backscatter images using 17 images from C1 and 
19 images from C2. Total area of Fe metallic material was converted to weight percent of 
metallic Fe by multiplying by the density of FeO. The converted wt% was then multiplied by the 
average Fe/Ni ratio determined in SEM/EDS to account for Ni and O components within the 
metallic material.  
 
Whole-rock elemental ratios were determined by X-ray fluorescence (XRF) using a Rigaku 
Supermini:200. A pressed pellet was created by powdering 5.98 grams of the meteorite for five 
minutes in a SPEX Mixer/Mill 8000M with two tungsten carbide ball bearings and a tungsten 
carbide container. 0.59 grams of paraffin binder was added, and the meteorite was then 
powdered for another 30 minutes. The powdered material was separated through a 74-micron 
sieve. The sieved material was pressed in a 30-ton SPEX X-Press 3635 then scanned in the 
XRF machine for 35 minutes.  
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All equipment used is located at the University of North Dakota, the Nikon Petrological 
Polarizing Microscope is located in Leonard Hall and the XRD, SEM, and XRF is located in 
Upson Hall 2.  
 
 
Results 
 
Petrography 
 
General investigation of the thin sections showed that there is a high number of chondrules in all 
three thin sections. The chondrules were separated by a matrix which had discernable crystal 
properties. Listed below are some minor differences in structure and/or composition in each thin 
section compared to the other two thin sections: 
 
C1: One side of thin section was dominated by pyroxene with very little olivine and 
metallic material, while the other side was dominated by olivine and metallic material. 
However, the number and size of chondrule stayed relatively homogenous across the 
thin section. 
C2: Contained slightly more chondrules than C1 or C3, but there was no significant 
difference in mineral abundance from one side to another. 
C3: Contained a coarser chondrules then C1 or C2, however there was also a smaller 
grained matrix compared to C1 and C2. C3 also had slightly less matrix material 
compared to C1 and C2, however, C3 was homogenous from one side to another.  
 
Almost all chondrules are well defined with clear borders, a total of 50 chondrules were counted 
across C1, C2, and C3 and categorized into two groups; well defined (obvious boundaries of 
chondrules and a clear difference from the matrix), intermediately defined (the boarders could 
be seen; however, it was not instantly obvious that the chondrule was not a part of the matrix, or 
the chondrule was somewhat integrated with the matrix). Out of the 50 chondrules counted 39 
chondrules were well defined, and 11 were intermediately defined, some chondrules were 
fractured but still had defined borders, those chondrules were counted as defined. Chondrules 
were composed of both pyroxene and olivine with multiple textures, including; barred, 
homogenous, brecciated, shocked undulatory extinction, fractured, granular, and porphyritic, 
(Figure 4). 
 
A total of 604 point counts were conducted including 302 points on slide C1, 200 points counted 
on C2, and 101 points on C3. Three components were easily identifiable and counted, olivine, 
pyroxene, and metal, material was counted as unknown when the matrix was too small to easily 
discern petrologic attributes. The sum of all three thin section counts showed an average of 
42.62% pyroxene, 29.19% olivine, 26.36% metal material, and 1.82% unknown material, (Table 
1).  
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Fifty chondrules were measured in C1, C2, and C3 ranging in diameters from .05 mm to .8 mm 
with an average diameter of 0.309 mm. Figure 5 shows the chondrule sized distribution 
measured in thin section. 
 
 
X-ray Diffraction 
 
XRD determined 5 major minerals within the meteorite, olivine at 35.4 wt%, enstatite at 49.0 
wt%, goethite at 2.4 wt%, and zirconian at 12.9 wt%. XRD is not useful in determining the 
abundance of metallic Fe-Ni which is why those components are not included. Figures of merit, 
which is a computed statistical figure used to show how accurate a result is, was determined for 
each element. Since goethite and zirconian both have high figures of merit their results are not 
necessarily accurate, and it is possible that they are completely incorrect result. Figure 6 shows 
the spectra and corresponding peaks of minerals determined in XRD analysis, and Table 2 
shows the wt% and figure of merit corresponding to each mineral. The high figures of merit and 
overlapping peaks of goethite and zirconian with olivine and enstatite could be the reason for 
the inaccurate results. 
 
 
Scanning Electron Microscope/Energy Dispersive X-ray Spectroscopy 
 
The average Fayalite (Fa) content of all 124 olivine data points is 20.27mol% (appendix 1), with 
range of 5.21-33.92 mol% Fa. Both cores and rims of 12 olivine grains were scanned and none 
showed signs of zoning with minor differences in composition across each grain. Thirteen scan 
showed minor inclusions of either Cr or Mn, in all cases those elements compose less than 
0.5% the total mol% of the point scan. 
 
Both low Ca-pyroxene and high moderate Ca-pyroxene was measured in SEM/EDS analysis, if 
the pyroxene contained more than 5 mol% Wo it was considered high Ca-pyroxene, commonly 
pigeonite. The average mol% composition determined for 24 low Ca-pyroxene grains is 
Wo2En83Fs15, (appendix 2). For the 15 moderate Ca-pyroxene point scans the average mol% 
composition is Wo22En54Fs24. Figure 7 is a ternary diagram of all measured pyroxenes point 
scans. 
 
The metallic material scanned in SEM/EDS had three different compositions with two Fe/Ni 
solutions (kamacite and Taenite) (appendix 4), nine Fe/S solutions (appendix 5). Twenty-Two 
Fe/Ni point scans have a kamacite composition with an average composition of 88mol% Fe, 
8mol% Ni, and 4mol% O. There were two Fe/Ni point scans with chemical ratios matching 
taenite with an average composition of 58mol% Fe, 38mol% Ni, and 4mol% O. The nine Fe/S 
components scanned had an average composition of 5mol% O, 50mol% Fe, and 45mol% S. 
Using the metallic content chemistry and the SEM/EDS backscatter images the total metallic Fe 
content within the meteorite was determined to be 19.81 wt% of the meteorite. 
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Forty-six olivine standard grains were scanned on three different days across four weeks, the 
average composition was determined to be Fa 12.04 mol% with an average deviation of 0.01. 
The reported composition of the standard grains is Fa 11 mol% ±1 (Cloutis, Gaffey, 1986) 
(Rousch, Singer, 1985), since the measured composition is within 1% of the reported 
composition all olivine standard scans were within the percent error for the reported composition 
(appendix 6). 
 
 
X-ray Fluorescencs 
 
XRF determined 18 major and minor elemental components, showing silicon, magnesium, and 
iron making 86.26 oxide wt% of the meteorite. Table 3 shows the oxide wt% and elemental wt% 
of the 18 components. 
 
 
Discussion 
 
Clan, and Group Determination 
 
The SiO2/MgO whole rock wt% ratio, determined from the whole rock XRF analysis, is ~1.51 
which falls within the ordinary chondrite parameters set by Van Schmus and Wood (1967, p. 
750), and most closely aligns with values of the ordinary chondrite clan within the H group, 
which is reported as 1.55 ±5. The ratio of SiO2/MgO can accurately determine the clan of the 
meteorite, however, it is not definitive alone in determining the group, since the difference 
between the three ordinary chondrite groups is only 0.04. 
 
The metallic Fe (Fe0) to FeO ratio was determined to be 0.72 by using both XRF and SEM/EDS 
electron backscatter images, Van Schmus and Wood (1967, p. 750), report the range for H type 
meteorites to be 0.63 ±0.07. While the ratio for the studied meteorite is 0.02 outside of the ratio 
limits of H group, the ratio for E group chondrites is 0.80 ±0.10, while the results do fit within the 
parameters for E group chondrites the Fa mol% ratios disqualify it from E group classification, 
since E group’s silicates are nearly absent of FeO, making the closest group for the Fe0/FeO 
ratio H type chondrites. 
 
The FeO/SiO2 ratio determined by the whole rock XRF analysis, is ~0.71 which also falls into the 
ordinary chondrite parameters determined by Van Schmus and Wood (1967, p. 750), and most 
closely aligns with the H group chondrites, which is reported at 0.77 ±0.07. The FeO/SiO2 to 
SiO2/MgO is depicted in figure 8 and compares the range of H, L, and LL compositions ranges 
reported by Van Schmus and Wood, (1967) to the studied meteorite  
 
The Fa mol% composition of olivine was determined to be ~20.27 mol%. Weisberg, et, al. 
(2006) reports the Fa mol% content of olivine in H group chondrites to be 18 ±2 (2006, p. 26). 
While the ratio does not exactly fit within the perimeters set by Weisberg, et. al, it does most 
closely match the H group ratio, with the next closest category being the L group chondrites at 
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23-26 mol% Fa. Average chondrule diameter within the meteorite is 0.3 mm which matches the 
H group chondrite average, reported by Weisberg, et al. (2006, p. 26). 
 
The Ferrosilite (Fs) mol% is 18.2 and falls within the H group ordinary chondrite boundaries 
(figure 8) reported by Dodd (1981, p. 86) as 16 mol% ±1.5. The ratio of Fa mol% to Fs mol% is 
depicted in Figure 9 and compares the range of H, L, and LL compositions reported by Dodd 
(1981) to the studied meteorite. 
 
 
Petrological Type Determination 
 
A meteorite’s matrix texture is a good indication of the amount of metamorphism a meteorite 
has undergone. The meteorite being studied has a crystalline matrix with mostly discernable 
mineral properties and very little igneous glass. Almost all chondrules are well defined with a 
clear separation from the matrix in most cases, there is also a large abundance of orthorhombic 
pyroxene, though some monoclinic pyroxene is also present. Based solely on the meteorite’s 
micro-petrological characteristics it is very similar to a petrological type 4 (Van Schmus, Wood, 
1967, p. 754-755). 
 
Mean deviation of elemental components was calculated on the mol% ratios of elements in 
pyroxene and olivine grains (Table 4). No component had a mean deviation greater than 5%, 
and most mean deviations were between 1-3%. The largest deviation was in Mg and Fe for 
pyroxene, oxygen also had a high mean deviation at 4% in both olivine and pyroxene. 
Petrologic type 4 has a mean deviation less than or equal to 5%, while types 5+ have uniform 
mean deviations (Van Schmus, Wood, 1967, p.757), which indicates the meteorite being 
studied is likely a petrological type 4.  
 
Conclusion 
 
The classifications of SiO2/MgO, FeO/SiO2, and Fe0/FeO, reported by Van Schmus and Wood 
(1967), along with the Fa mol% composition and chondrule size reported by Weisberg, et. al 
(2006), determines the meteorite be an Ordinary Chondrite within the H group. The meteorite 
does have high percentages of whole rock metallic iron and olivine grains with slightly elevated 
levels of Mg. Relatively homogenized olivine with a crystalline matrix, mostly segregated 
chondrules, and very little igneous glass is consistent with the studied meteorite being a type H4 
ordinary chondrite. 
 
 
Acknowledgments 
 
I’d like to give a huge thank you the Erickson family, especially Tod Erickson for first bringing 
the meteorite to UND, and his son Alex for generously allowing me to cut a sample from the 
meteorite and providing great descriptions of the discovery of the meteorite. I’d also like to thank 
my academic advisor Dr. Nels Forsman for giving me the opportunity to classify the meteorite 
7 
 
and always being available for discussion and guidance at any time of the day. Dr. Xiaodong 
Hou was also a huge help for allowing ample time with the SEM and XRF, and always happy to 
answer any technical questions I had. I’d also like to thank Dr. Michael Spilde for all the help he 
gave me with technical difficulties and answering any question I had for determining important 
ratios for classification. Finally, I’d like to thank Darin Buri for all his help and expertise with the 
rock cutting equipment and remembering to take photos during the process. 
 
 
References 
 
Cloutis, E., Gaffey, M., 1986, Calibrations of Phase Abundance, Composition, and Particle Size 
Distribution for Olivine-Orthopyroxene Mixtures from Reflectance Spectra, Journal of 
Geophysical Research, Vol, 91, p. 11641-11653. 
 
Dodd, R., 1981, Meteorites: A chemical and Petrological-Chemical Synthesis, Cambridge 
University Press, Vol, 1. 
 
Mason, B., 1971, Handbook of Elemental abundances in Meteorites, Gorden and Breach 
Science Publishers, Vol, 1. 
 
McSween, H., 2000, Meteorites and Their Planetary Parents: Cambridge University Press, New 
York, print.  
Rousch, T., Singer,R., 1985, Effects of Temperature on Remotely Sensed Mineral Absorption 
Features, Journal of Geophysical Research, Vol, 90, p. 12434-12444. 
Weisberg, M., McCoy, T., Krot, A., 2006, Systematics and Evaluation of Meteorite Classification: 
Meteorites and the Early Solar System II. 
Van Schmus, W., Wood,J., 1967, A Chemical-petrological classification for the Chondritic 
Meteorites: Geochimica et Chosmochimica Acta v. 31, p747-765. 
Von Michaelis, H., Ahrens, L., Willis, J., 1964, The Composition of Stony Meteorites. II The 
Analytical data and an Assessment of their Quality. Earth and Planetary Science Letters V.5,    
p 387-394. 
  
8 
 
Figures and Tables 
 
 
Figure 1. The meteorite mounted in saw prior to cutting, note the reddish orange to dark red 
color and well defined regmaglypts. Personal Photo. 
 
 
Figure 2. Sample cut from meteorite to be kept at the University of North Dakota for future 
research. Note small metal flecks, fresh surface color which ranges from a bluish brown to 
bluish grey, and 6 cm fracture located at the top of the cut sample. Credit to Darin Buri.
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Figure 3. Flow chart depicting the possible class, clan, group, and subgroup for undifferentiated chondrites. Classification categories for achondrites 
not depicted due to meteorite already determined to be a chondritic stony meteorite. 
Modified from Weisberg, et, al., 2006
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Figure 4. Examples of chondrule structures found in C1, C2, and C3. Top left, Enstatite 
porphyritic chondrule with fractures and shocked undulatory extinction, C1 4x objective lens in 
crossed polar light. Top right, brecciated chondrule composed of granular olivine and enstatite, 
C1 4x objective lens in cross polar light. Bottom left, Bared enstatite chondrule, with fractures 
and slight undulatory extinction, C2 10x objective lens in cross polar light. Bottom right circled, 
broken chondrule, composed of ½ granular enstatite, and ½ porphyritic olivine, black area is a 
hole in the thin section. Below the circled chondrule half of a barred olivine chondrule can be 
seen, C2 2x objective lens in cross polar light.  Personal Photos. 
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Table 1. Points counted in each thin section with total count and total percentage of each 
mineral. Less point counts were taken on C3 because the overall size of material within thin 
section is much less.  
 
 
 
 
 
 
 
 
 
Figure 5. 50 chondrules measured in C1, C2, and C3. There are more chondrules with sizes 
from .05-.2, then any other size. While there are chondrules with sizes close to 1mm, within the 
meteorite, there are relatively few. 
 
 
 METAL OLIVINE PYROXENE UNKNOWN TOTAL  
C1 74 86 136 6 303  
C2 55 57 83 5 200  
C3 30 33 38 0 101  
TOTAL 159 176 257 11 604  
TOTAL % 26.36% 29.19% 42.62% 1.82% 99.99%  
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Figure 6. Spectrum produced from XRD analysis with corresponding mineral peaks below 
spectrum. Note that goetzenite and geothite peaks relate closely to those of olivine and 
enstatite, could lead to inaccuracy. 
 
 
 
 
 
 
 
 
MINERAL NAME WEIGHT % FIGURE OF MERIT 
OLIVINE 35.4 0.415 
ENSTATITE 49.0 0.717 
GOETHITE 2.4 0.938 
GOTZENITE, ZIRCONIAN 12.9 1.256 
 
Table 2. Mineral name, weight percent, and figure of merit for each mineral, as determined by 
XRD analysis. 
 
 
 
 
Meas. data:JUSTINGERMANN
In
te
n
s
it
y
 (
c
o
u
n
ts
)
  0.0e+000
  5.0e+003
  1.0e+004
  1.5e+004
olivine HP
Enstatite
Goethite; Goethite, syn
2-theta (deg)
10 20 30 40 50 60
Gotzenite, zirconian
13 
 
 
 
 
 
 
OXIDE 
COMPONENT 
WEIGHT % 
NORMALIZED 
DET. LIMIT INTENSITY ELEMENTAL 
COMPONENT 
WEIGHT % 
NORMALIZED 
Na2O 0.979 0.07531 0.116 Na 0.7849 
MgO 24.1106 0.06039 7.4067 Mg 15.8162 
Al2O3 2.9283 0.0171 3.273 Al 1.7157 
SiO2 36.3232 0.05072 33.154 Si 18.9069 
P2O5 0.3393 0.01196 0.2825 P 0.1677 
SO3 5.1714 0.00983 7.4703 S 2.3521 
Cl 0.03 0.00275 0.1555 Cl 0.0342 
K2O 0.1502 0.01034 0.3272 K 0.1421 
CaO 1.5594 0.0096 4.7766 Ca 1.2723 
TiO2 0.1048 0.00979 0.0897 Ti 0.0721 
Cr2O3 0.5616 0.00799 1.4173 Cr 0.442 
MnO 0.3213 0.00827 1.1448 Mn 0.2901 
FeO 25.8273 0.01725 136.0687 Fe 23.5849 
Co2O3 0.1 0.0127 0.6524 Co 0.0836 
NiO 1.0906 0.00583 5.5228 Ni 1.0397 
CuO 0.0182 0.00523 0.1147 Cu 0.0176 
WO3 0.3848 0.01221 0.9997 W 0.3712 
Total 100.00   TOTAL 99.99 
 
Table 3. XRF results reported as oxides on left and reported in elemental components on left 
side of chart. The detection limit and intensity are the same values for both elemental 
components and oxides. 
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Figure 7. Left: Composition of 38 pyroxene grains determined via SEM/EDS analysis. Right: 
Chemical composition fields of common pyroxene end members.  
 
 
 
 
 
 
 
 
 
Table 4. Average mean deviation calculated on mol% of elemental components of all olivine 
and pyroxene grains scanned in SEM. Dash (-) indicates that the elemental component was not 
detected in that mineral. 
MINERAL O Mg Fe Si Na Ca Cr Al Pb Mn 
OLIVINE 3.13 1.47 1.44 1.51 - - 0.007 - - 0.04 
PYROXENE 
2.93 4.04 3.62 1.42 1.55 0.77 0.16 1.85 0.005 
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Figure 8. The ratios of MgO/SiO2 plotted against FeO/SiO2 compared to the composition ranges 
H, L, and LL reported by Van Schmus and Wood, 1967. 
 
 
Figure 9. The ratio of Fs mol% to Fa mol% compared to the composition ranges of H, L, and LL 
groups. Figure modified from Dodd, 1981, p. 80. 
MgO/SiO2 vs FeO/SiO2 
Average Fs/Fa 
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Appendices 
Appendix 1. Composition of 124 Olivine grains from SEM/EDS analysis, reported in mol%. Fe/(Fe+Mg) is the Fa mol%. 
Point # O Mg Si Cr Mn Fe Ni Total Fe/(Fe+Mg) 
1 56.04 23.55 14.96 0 0 5.46 0 100.01 18.82109617 
2 56.81 21.91 14.84 0 0 6.44 0 100 22.71604938 
3 55.99 22.68 15.14 0 0 6.19 0 100 21.44094215 
4 56.29 22.55 15.3 0 0 5.85 0 99.99 20.59859155 
5 55.87 22.57 16.04 0 0 5.53 0 100.01 19.6797153 
6 56.13 23.11 14.58 0 0 6.18 0 100 21.09935131 
7 56.08 21.91 15.57 0 0 6.44 0 100 22.71604938 
8 50.9 24.3 17.35 0 0 7.44 0 99.99 23.44045369 
9 56.09 21.93 14.95 0 0.27 6.75 0 99.99 23.53556485 
10 56.05 22.1 15.14 0 0.24 6.47 0 100 22.64613231 
12 52.54 24.54 16.8 0 0 6.11 0 99.99 19.93474715 
13 55.68 23.01 15.86 0 0 5.44 0 99.99 19.12126538 
14 56.29 23.51 14.47 0 0 5.72 0 99.99 19.56893602 
15 56.58 21.33 15.68 0 0.21 6.2 0 100 22.52088631 
16 56.64 21.94 14.69 0 0 6.73 0 100 23.47401465 
17 62.64 17.3 12.7 0 0 7.36 0 100 29.8459043 
18 56.87 22.05 14.45 0 0.26 6.38 0 100.01 22.44108336 
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Point # O Mg Si Cr Mn Fe Ni Total Fe/(Fe+Mg) 
28 55.95 21.81 16.25 0 0 5.99 0 100 21.54676259 
29 55.75 22.33 16.1 0 0 5.82 0 100 20.6749556 
30 56.32 21.79 15.31 0 0 6.57 0 99.99 23.16643159 
31 55.9 22.64 14.54 0 0.24 6.68 0 100 22.78308322 
32 56.11 22.17 16.04 0 0 5.68 0 100 20.39497307 
33 55.71 23.29 15.58 0 0 5.42 0 100 18.87843957 
34 58.25 17.62 15.46 0 0 8.3 0.38 100.01 32.02160494 
35 56.29 22.76 15.3 0 0 5.66 0 100.01 19.91555243 
36 55.94 23.08 13.59 0.46 0 6.94 0 100.01 23.11792139 
37 57.04 21.88 14.85 0 0 6.24 0 100.01 22.19061166 
39 56.28 21.34 16.28 0 0 6.1 0 100 22.2303207 
40 55.98 21.77 15.34 0 0.29 6.64 0 100.02 23.37205209 
41 59.21 19.9 14.07 0 0.23 6.59 0 100 24.87731219 
42 56.68 21.54 14.36 0 0 7.42 0 100 25.62154696 
43 55.74 23.29 15.4 0 0 5.57 0 100 19.3000693 
44 56.09 22.6 15 0 0 6.31 0 100 21.82635766 
45 56.05 22.58 14.77 0 0.21 6.38 0 99.99 22.03038674 
46 57.97 20.5 15.04 0 0 6.49 0 100 24.04594294 
47 56.53 22.78 14.27 0 0.23 6.19 0 100 21.36693131 
48 58.16 18.44 19.8 0 0 3.6 0 100 16.33393829 
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Point # O Mg Si Cr Mn Fe Ni Total Fe/(Fe+Mg) 
49 55.75 23.18 15.08 0 0 5.99 0 100 20.53479602 
50 56.22 21.65 15.18 0 0.24 6.72 0 100.01 23.6869933 
51 55.77 22.52 15.12 0 0.27 6.32 0 100 21.91400832 
46 65.31 20.84 12.08 0 0 2.52 0 100.75 10.78767123 
47 63.18 21.26 11.83 0 0 3.53 0 99.8 14.23961275 
48 65.75 20.73 11.48 0 0 2.22 0 100.18 9.673202614 
49 66.05 19.26 11.02 0 0 3.67 0 100 16.00523332 
50 65.14 20.88 11.3 0 0 2.5 0 99.82 10.69289991 
51 63.53 21.23 12.03 0 0 3.42 0 100.21 13.87423935 
52 63.21 21.3 11.3 0 0 3.4 0 99.21 13.76518219 
99 65.3 19.33 10.87 0 0 4.5 0 100 18.88375997 
100 66.94 20.25 10.74 0 0 2.07 0 100 9.274193548 
101 63.33 21.52 12.16 0 0 2.99 0 100 12.19910241 
102 67.12 20.12 10.8 0 0 1.96 0 100 8.876811594 
103 64.17 20.29 11.56 0 0 3.88 0 99.9 16.05295821 
104 63.69 20.98 11.56 0 0 3.47 0 99.7 14.19222904 
105 61.65 21.37 12.19 0 0 4.79 0 100 18.31039755 
106 64.96 20.8 11.45 0 0 2.79 0 100 11.82704536 
107 63.28 17.59 11.77 0 0 7.37 0 100.01 29.52724359 
108 66.4 20.31 10.82 0 0 2.48 0 100.01 10.88196577 
 
 
 
19 
 
Point # O Mg Si Cr Mn Fe Ni Total Fe/(Fe+Mg) 
109 64.56 20.4 11.63 0 0 3.41 0 100 14.32171357 
110 63.35 21.19 11.94 0 0 3.52 0 100 14.24524484 
111 67.9 20.1 10.48 0 0 1.52 0 100 7.03052729 
112 59.62 22.2 12.67 0 0 5.51 0 100 19.88451822 
113 59.82 21.97 12.69 0 0 5.52 0 100 20.0800291 
117 59 20.94 12.65 0 0 7.42 0 100.01 26.16361072 
120 60.82 21.62 12.16 0 0 5.4 0 100 19.98519615 
121 60.09 22.04 12.69 0 0 5.18 0 100 19.03012491 
123 58.49 22.11 13.08 0 0 6.32 0 100 22.23003869 
124 58.79 21.86 12.84 0 0 6.51 0 100 22.94677476 
125 57.72 21.78 12.98 0 0 7.52 0 100 25.66552901 
126 59.9 21.74 12.97 0 0 5.39 0 100 19.86730557 
130 51.07 23.2 13.82 0 0 11.91 0 100 33.92195956 
135 60.58 21.99 12.6 0 0 4.83 0 100 18.00894855 
136 57.95 22.8 13.37 0 0 5.88 0 100 20.50209205 
137 57.37 22.95 13.63 0 0 6.05 0 100 20.86206897 
138 58.55 22.12 12.68 0 0 6.65 0 100 23.11435523 
139 58.63 21.99 12.85 0 0 6.53 0 100 22.89621318 
141 59.44 22.28 12.87 0 0 5.41 0 100 19.53773926 
152 60.77 21.85 12.39 0 0 4.99 0 100 18.59165425 
 
 
 
20 
 
Point # O Mg Si Cr Mn Fe Ni Total Fe/(Fe+Mg) 
153 58.3 22.09 12.83 0 0 6.79 0 100.01 23.51108033 
154 56.65 23.09 13.87 0 0 6.38 0 99.99 21.64913471 
155 51.98 23.56 14.82 0 0 9.63 0 99.99 29.01476348 
156 59.06 22.03 12.96 0 0 5.95 0 100 21.26518942 
157 57.43 22.67 13.21 0 0 6.69 0 100 22.78610354 
158 57.21 22.87 13.57 0 0 6.35 0 100 21.73169062 
159 58.07 22.9 13.59 0 0 5.45 0 100.01 19.22398589 
166 59.87 22.07 12.68 0 0 5.39 0 100.01 19.62855062 
167 62.16 21.58 12.12 0 0 4.13 0 99.99 16.06378841 
168 60.52 21.81 12.41 0 0 5.26 0 100 19.43110454 
169 60.24 21.74 12.54 0 0 5.48 0 100 20.13225569 
170 61.03 20.66 11.95 0 0 6.36 0 100 23.53811991 
171 61.18 20.77 12.23 0 0 5.81 0 99.99 21.85854026 
164 61.38 20.44 11.62 0 0 6.56 0 100 24.2962963 
172 61.63 21.58 12.37 0 0 4.42 0 100 17 
173 61.3 19.35 11.81 0 0 7.54 0 100 28.04016363 
180 59.94 22.03 13.19 0 0 4.84 0 100 18.01265352 
187 61.14 21.76 12.57 0 0 4.52 0 99.99 17.19939117 
188 58.91 22.03 12.91 0 0 6.15 0 100 21.82398864 
189 60.42 21.81 12.55 0 0 5.22 0 100 19.31187569 
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Point # O Mg Si Cr Mn Fe Ni Total Fe/(Fe+Mg) 
191 57.2 22.16 13.85 0 0 6.24 0 99.45 21.97183099 
192 57.33 22.38 13.29 0 0 7 0 100 23.82573179 
193 60.67 21.89 12.41 0 0 5.03 0 100 18.68499257 
181 60.49 19.83 11.36 0 0 8.32 0 100 29.55595027 
194 61.55 18.35 11.2 0 0 8.9 0 100 32.66055046 
195 59.02 21.08 12.26 0 0.21 7.43 0 100 26.06103122 
196 58.87 22.19 12.82 0 0 6.11 0 99.99 21.59010601 
197 58.56 22.47 13.14 0 0 5.82 0 99.99 20.57264051 
198 60.14 21.7 12.52 0 0 5.65 0 100.01 20.65813528 
199 52.77 23.26 14.63 0 0 9.34 0 100 28.65030675 
208 58.04 22.44 13.21 0 0 6.31 0 100 21.94782609 
212 57.87 21.99 13.24 0 0 6.96 0 100.06 24.04145078 
215 58.84 21.74 12.69 0 0 6.72 0 99.99 23.61208714 
216 60.05 19.07 12.37 0 0 8.51 0 100 30.85569253 
217 58.24 20.12 11.8 0 0 8.93 0 99.09 30.74010327 
218 62.52 21.52 12.17 0 0 3.79 0 100 14.97431845 
219 60.88 21.89 12.67 0 0 4.57 0 100.01 17.27135299 
27 63.93 15.26 14.3 0 0 6.5 0 99.99 29.87132353 
28 68.35 15.44 15.02 0 0 1.2 0 100.01 7.211538462 
29 64.71 17.16 15.84 0 0 2.06 0 99.77 10.71800208 
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Point # O Mg Si Cr Mn Fe Ni Total Fe/(Fe+Mg) 
30 66.63 11.47 20.64 0 0 1.26 0 100 9.897879026 
31 69.29 15.1 14.78 0 0 0.83 0 100 5.210295041 
32 64.33 12.41 20.67 0 0 2.58 0 99.99 17.21147432 
33 66.74 15.6 14.22 0 0 3.44 0 100 18.06722689 
34 68.34 15.62 14.99 0 0 1.15 0 100.1 6.857483602 
35 61.85 18.99 16.49 0 0 2.68 0 100.01 12.3673281 
220 54.8 22.12 13.5 0 0 9.21 0 99.63 29.39674433 
 
 
Appendix 2. Composition of 24 orthopyroxene grains determined in SEM/EDS analysis, reported in mol%. 
Point # O Na Mg Si Ca Cr Fe Al Total 
7 65.64 1 14.78 16.63 0.68 0 1.27 0 100 
8 65.83 0 15.41 16.83 0 0 1.93 0 100 
10 70.23 0 14.37 14.63 0 0 0.77 0 100 
11 67.56 0 15.2 16.03 0 0 1.2 0 99.99 
12 68.4 0 15.07 15.37 0 0 1.16 0 100 
14 68.33 0 15.18 15.52 0 0 0.97 0 100 
16 67.76 2.66 8.99 16.83 0.45 0 1.27 2.04 100 
17 67.74 0 14.89 15.89 0 0 1.48 0 100 
18 69.98 0.62 13.93 14.74 0 0 0.73 0 100 
23 68.24 0 14.17 15.7 0.75 0 1.13 0 99.99 
24 68.21 0.93 14.03 15.33 0 0 0.93 0.58 100.01 
25 67.23 2.56 9.58 16.34 0.4 0.68 1.23 1.98 100 
114 61.85 3.75 9.14 17.33 0.57 0 2.55 4.82 100.01 
115 64.5  14.3 17.43 0.53 0 2.65 0.58 99.99 
 
 
 
23 
 
Point # O Na Mg Si Ca Cr Fe Al Total   
118 59.25 2.23 13.35 17.73 0 0 4.39 3.04 99.99   
119 60.5 0.61 18.62 12.69 0 0 6.73 0.85 100   
174 62.67 2.7 9.11 17.34 0.4 0 3.99 3.79 100   
177 65.05 0.75 12.06 16.2 0 0 4.28 1.66 100   
178 60.59 0 20.87 13.09 0 0 4.98 0.47 100   
227 61.28 2.31 10.89 18.92 0.7 0 2.85 3.27 100.22   
228 62.65 2.91 11 16.29 0.48 0 3.36 3.45 100.14   
229 63.05 0.92 14.63 17.15 0.48 0 2.54 1.39 100.16   
230 59.73 4.26 7.75 20.01 0.32 0 2.32 5.35 99.74   
231 61.2 3.08 11.05 16.83 0.58 0 2.84 4.41 99.99   
 
Appendix 3. Composition of 15 clinopyroxene grains determined in SEM/EDS analysis, reported as mol%. 
Point # O Na Mg Si Ca Cr Fe Al Pb Total 
4 69.12 3.86 4.7 15.62 2.46 0 2 2.23 0 99.99 
5 72.22 3.58 6.3 14.52 1.44 0 0 1.93 0 99.99 
6 67.68 1.37 9.56 16.12 4.92 0 0.34 0 0 99.99 
9 65.7 1.03 12.05 17.01 3.38 0 0.83 0 0 100 
13 70.65 3.6 7.38 14.6 1.26 0 0.24 2.28 0 100.01 
15 65.77 5.36 1.98 19.59 1.78 0.46 0.85 4.12 0 99.91 
19 69.49 1.8 9.2 14.63 2.24 0 0.34 1.3 0 99 
20 66.72 2.44 7.41 17.03 2.48 0.69 1.34 1.89 0 100 
21 69.56 2.06 9.76 15.48 1.07 0 0.54 1.53 0.1 100.1 
22 72.45 3.06 6.97 13.86 1.94 0 0 1.71 0 99.99 
122 63.93 3.44 3.98 12.57 1.6 0 10.3 3.72 0 99.54 
175 65.16 6.32 0 18.76 0.51 0 1.35 7.39 0 99.94 
176 62.41 6.32 0 18.55 0.71 1.72 2.36 7.94 0 100 
179 64.06 5.81 0.48 19.49 0.73 0 1.52 7.58 0 99.67 
213 63.73 4.29 5.63 18.29 0.37 0 1.02 6.35 0 99.68 
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Appendix 4. Composition of 24 Fe/Ni metallic material determined with SEM/EDS analysis, reported in mol%.  High Ni 
measurements reported at bottom. 
Point # O Fe Ni Total  
73 4.09 89.57 6.33 99.99 
75 3.99 89.94 6.06 99.99 
76 3.67 90.3 6.03 100 
88 0 55.2 44.8 100 
89 3.36 90.81 5.83 100 
36 5.43 88.54 6.03 100 
38 0 93.24 6.76 100 
39 4.78 89.53 5.68 99.99 
40 4.9 89.09 6.01 100 
41 5.11 89.59 5.3 100 
42 6.16 88.55 5.29 100 
43 5.01 90.45 4.54 100 
44 5.35 88.56 6.1 100.01 
45 5.1 89.32 5.58 100 
53 5.15 89.23 5.62 100 
54 5.13 89.33 5.54 100 
55 0 93.93 6.07 100 
56 5.01 89.36 5.63 100 
57 5.07 89.67 5.26 100 
58 4.3 89.59 6.1 99.99 
59 3.98 90.34 5.68 100 
60 4.4 89.82 5.78 100 
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Appendix 5. Composition of 9 Fe/S composition determined in SEM/EDS analysis, reported in mol%.   
Point # O S Fe Total 
77 9.42 42.05 48.53 100 
78 2.8 46.12 51.08 100 
81 3.97 46.07 49.96 100 
82 5.38 45.62 48.04 99.04 
83 3.59 47.39 49.02 100 
84 4.13 45.75 50.12 100 
85 3.59 45.98 50.43 100 
86 4.29 46.46 49.25 100 
90 6.94 43.59 49.48 100.01 
     
 
Appendix 6. Composition of 46 olivine grans from South Point Hawaii, reported in mol%. 
 O Mg Si Fe  Mol% Fa Mol% Fo 
2 53.2 27.76 15.52 3.52  0.112532 0.887468 
1 55.14 26.8 14.75 3.31  0.10993 0.89007 
3 57.36 25.76 13.81 3.07  0.106486 0.893514 
4 51.84 28.34 16.36 3.47  0.109085 0.890915 
5 54.43 27.2 14.96 3.41  0.111402 0.888598 
6 46.89 30.78 18.31 4.03  0.115771 0.884229 
7 46.52 30.23 18.58 4.67  0.133811 0.866189 
8 59.84 24.28 12.88 2.99  0.109644 0.890356 
9 50.16 29.24 16.84 3.76  0.113939 0.886061 
10 51.73 28.57 15.87 3.83  0.11821 0.88179 
11 45.32 30.85 18.76 5.07  0.141147 0.858853 
12 48.81 29.81 17.3 4.08  0.120389 0.879611 
13 55.1 26.87 14.88 3.15  0.10493 0.89507 
14 52.66 27.44 15.79 4.1  0.129994 0.870006 
 
 
 
26 
 
 O Mg Si Fe  Mol% Fa Mol% Fo 
15 50.26 28.62 16.96 4.17  0.127173 0.872827 
17 50.41 28.39 16.7 4.5  0.13682 0.86318 
18 50.21 28.25 16.64 4.89  0.147556 0.852444 
19 58.7 25.02 13.34 2.94  0.10515 0.89485 
20 54.34 27.15 15 3.51  0.114481 0.885519 
21 53.58 27.28 15.4 3.75  0.120851 0.879149 
22 53.23 27.68 15.9 3.19  0.103337 0.896663 
23 53.59 27.39 15.24 3.78  0.12127 0.87873 
24 49.39 28.99 17.27 4.36  0.130735 0.869265 
25 48.82 29.41 17.72 4.05  0.12104 0.87896 
41 52.66 27.17 15.37 4.8  0.150141 0.849859 
42 52.4 27.88 16.14 3.58  0.113795 0.886205 
43 52.56 27.27 15.32 4.86  0.151261 0.848739 
45 52.01 28.35 16.11 3.53  0.110728 0.889272 
46 52.27 28.2 16.02 3.51  0.110691 0.889309 
47 52.61 28.08 15.85 3.46  0.109702 0.890298 
 
 
